The chloroplast genome (cpDNA) of plants has been a focus of research In plant molecular evolution and systematics. Several features of this genome have facilitated molecular evolutionary analyses. First 
structure/function relationships. Only comparative studies of molecular sequences have the resolution to reveal this underlying complexity. A complete description of the complexity of molecular change is essential to a full understanding of the mechanisms of evolutionary change and in the formulation of realistic models of mutational processes.
The chloroplast genome was almost certainly contributed to the eukaryotic cell through an endosymbiotic association with a cyanobacteria-like prokaryote. Moreover, present evidence suggests that the association that led to land plants occurred only once in evolution (1) . The (4) ; a bryophyte, Marchantia (5); a conifer, black pinet; a dicot, tobacco (6); a monocot, rice (7) ; and a parasitic dicot, Epifagus (8) ]. With the possible exception of Euglena and Epifagus, the picture that has emerged is one of a relatively stable genome with marked conservation of gene content and a substantial conservation of structural organization. Mapping studies that span land plants and algae confirm the impression of strong conservation in gene content (9) .
Because the photosynthetic machinery requires many more gene functions than are specified on the cpDNA of plants and algae, it is assumed that many gene functions were transferred to the eukaryotic nuclear genome. The strong conservation of cpDNA gene content cited above indicates that most transfers of gene function from the chloroplast to the nuclear genome occurred early following the primordial endosymbiotic event. Among land plants, gene content is almost perfectly conserved, although a few recent transfers of function from the chloroplast to the nuclear genome have been demonstrated (10, 11) .
Conservation of gene content and a relatively slow rate of nucleotide substitution in protein-coding genes has made the chloroplast genome an ideal focus for studies of plant evolutionary history (reviewed in ref. 12 ). These efforts have culminated in the past year with the publication of a volume of papers that presents a detailed molecular phylogeny for seed plants (13) . This effort has involved many laboratories that have together determined the DNA sequence for more than 750 copies (by latest count) of the cpDNA gene rbcL encoding the large subunit of ribulose-1,5-bisphosphate carboxylase (RuBisCo). The sequence data span the full range of plant diversity from algae to flowering plants. This very large collection of gene sequence data has allowed the reconstruction of plant evolutionary history at a level of detail that is unprecedented in molecular systematics. Accurate (Fig. 1) . A pseudogene for the chloroplast gene rp123 is also located within this noncoding segment (7). Hiratsuka et al. (7) argued that a large inversion, unique to the grass family, arose through a recombinational interaction between nonhomologous tRNA genes, and the same process of recombination between short repeats has been invoked as the mechanism responsible for the origin of the rp123 pseudogene qirpl23 (14) .
The functional rpl23 gene of the rice genome is located in the inverted repeat about 27 kb away. Bowman et al. (15) suggested that the pseudogene was being converted by the functional rpl23 gene because the genetic divergence among pseudogenes was lower than the divergence observed for the surrounding noncoding regions. Subsequent work, based on a phylogenetic analysis (16) , has provided additional support for a model ofgene conversion between the rpl23 pseudogene and its functional counterpart in at least two lineages of the grass family.
Four independent deletion events of at least 850 bases in length have been observed spanning almost identical stretches ofthe noncoding region between rbcL and psal (16, 17) . Based on flanking sequence data, it has been suggested that recombination between short direct repeats was responsible for these deletions (17) . The four large deletions observed in the grasses all extend from within, or very close to, Orpl23 to an area about 400 bases upstream of psaL. The region spanned by the deletions has a low A+T content relative to other chloroplast noncoding sequences (including the surrounding noncoding sequences) and may have been a coding sequence inserted by recombination, as was Orpl23, prior to the divergence of the grass family (16) . The rate of nucleotide substitution in this noncoding region is roughly equal to the rate of synonymous substitution (with the exception of OrpI23) for the neighboring rbcL gene (16) , but a large number of short insertion/deletions (indels) have occurred. In addition to both the high rate of indel mutation and the large deletions, an inverted repeat in the noncoding region about 300 bases upstream of the psal gene appears to be labile to complex rearrangement events in the grass family (16) .
A study of the noncoding region upstream of rbcL in the grass family revealed similar patterns ofcomplex change (18) . Indels were found to occur at a greater frequency than nucleotide substitutions, and more complex changes, including multiple tandem duplication events, were found to be confined to highly labile sites, resulting in similar although independent indels at identical sites. Taken together, both noncoding regions reveal a marked incidence of parallel mutations at labile sites that may be positively misleading for phylogenetic studies based on restriction fragment length polymorphism (RFLP) data.
Such complex patterns of mutation are not confined to noncoding sequences of the chloroplast. The chloroplast gene for the RNA polymerase subunit B", rpoC2, has an insertion within the coding sequence in rice relative to tobacco. This insertion has been shown to be confined to the grass family. A comparison of the insertion among members of the grass family revealed widespread diversity in terms of indel mutations as well as an increased rate of nucleotide substitution (19) .
The low noncoding content of the cpDNA generally and the high rate of large deletion events observed in the largest contiguous noncoding segment in the rice genome suggest that nonessential sequences are rapidly removed from the chloroplast genome as a result of both intra-and intermolecular recombination. This is supported by the rapid loss of all photosynthetic genes from the chloroplast genome of the nonphotosynthetic plant Epifagus (8) Proc. Nati. Acad. Sci. USA 91 (1994) genomes of rice and tobacco and the observed degree of variation in noncoding sequences within the grasses, the conserved chloroplast genes appear to exist in a very fluid medium of surrounding noncoding sequence.
Evolution of Protein Coding Genes
Codon Bias of Chloroplast Genes. The codon utilization pattern of chloroplast genes of the green algae Chlamydomonas reinhardtii and Chlamydomonas moewusii appears to be closely adapted to the chloroplast tRNA population. In contrast, land plant chloroplast genes are dominated by a genomic bias towards a high A+T content, which is reflected in a high third-codon position A+T content. An interesting exception is the gene psbA coding for the central protein of the photosystem II (PSII) reaction center, the D1 reaction center polypeptide (20) . The psbA gene product turns over at a very high rate and, consequently, is the most abundant translation product of the plant chloroplast (21) . The psbA gene of flowering plants has a codon use very similar to Chlamydomonas chloroplast genes (22) . Given the tRNAs encoded by the sequenced chloroplast genomes, the pattern of codon bias of the Chlamydomonas genes appears to be the result of selection for an intermediate codon-anticodon interaction strength (B.R.M., unpublished data). Further, based on the fact that psbA is the sole flowering plant chloroplast gene following this codon utilization pattern, selection most likely acted on psbA codon use to increase translation efficiency (22) .
Despite the difference in codon use by psbA relative to other plant chloroplast genes, this gene has a much lower bias in codon use than do Chlamydomonas chloroplast genes. In fact, there is good evidence that selection no longer acts on psbA codon use in flowering plant lineages; it is merely a remnant of the ancestral codon use. Further, the highly expressed gene rbcL displays a codon use more like psbA than does any other flowering plant chloroplast gene (23) . These two factors, the apparently recent loss of selection on flowering plant psbA codon use and the similarity of rbcL to psbA, indicate that loss of selection for codon adaptation on plant chloroplast genes may have occurred at different times for each plant chloroplast gene, most likely as genome number increased over time (B.R.M., unpublished data). Such a scenario may have important implications for studies of chloroplast origins because standard phylogenetic estimation methods are likely to be biased and, therefore, unreliable at very deep evolutionary levels. The codon bias results also suggest that nucleotide composition cannot be assumed to be at equilibrium, contrary to the assumptions incorporated in most distance estimators.
Relative Rates of Nucleotide Substitution. Early work on chloroplast sequences suggested that substitution rates do not follow a constant molecular clock. Rodermel and Bogorad (24) first claimed that substitution rates in chloroplast loci can vary among evolutionary lineages. They found that the atpE gene had slower missense rates, and the atpH gene had slower synonymous rates, in grass lineages relative to dicot lineages. Similar comparisons of substitution rates in the rbcL locus indicated that both missense and synonymous rates were faster in grass species relative to palm species (25) .
These studies relied on fossil-based divergence times for substitution rate estimates. Fossil-based divergence times can have large errors that introduce large (and unmeasurable) uncertainty into rate estimates. Relative rate tests allow comparison of substitution rates between evolutionary lineages without dependence on knowledge of the time dimension. First utilized by Sarich and Wilson (26) , Wu and Li (27) later extended relative rate tests to nucleotide sequences using a distance measure formulation. Subsequent refinements include a maximum likelihood relative test (28) and a simple counting method (29) . The power of these methods to detect deviations from a molecular clock depends on a number of factors (e.g., the number of substitution events in the lineages and the transition/transversion bias), but in many situations the three methods have comparable power (28, 29) . Relative rate tests cannot detect changes in evolutionary rates if rates change proportionally among lineages (30) , although this precise condition seems unlikely to occur often. Relative rate tests may also fail to detect stochastic changes in rate within a lineage because the test compares average substitution rates. More importantly, relative rates contain less information on variation than do absolute rates, but absolute rates are difficult to estimate because of imperfect knowledge of the time dimension.
The large rbcL data base has facilitated the characterization of substitution rate variation in a number of evolutionary lineages. A few studies have applied relative rate tests to rbcL sequences from intrafamilial taxa (31-33); on the whole, these studies have uncovered limited rate variation. Two studies have characterized rbcL rate variation over a wider sampling of plant taxa (34, 35) . Gaut et al. (35) examined rbcL sequences from 35 monocotyledonous taxa and found substantial synonymous rate variation among evolutionary lineages, but little missense rate variation. The analyses revealed rate homogeneity for rbcL sequences within welldefined families, but substantial rate heterogeneity in interfamilial contrasts. The pattern of interfamilial rate variation revealed the most rapid nucleotide substitution rate in the grass family, followed by families in the orders Orchidales, Liliales, Bromeliales, and Arecales (represented by the palms). Rates of synonymous nucleotide substitution in grass rbcL sequences exceed rates in other monocot sequences by as little as 130%6 and by as much as 800%.
Bousquet et al. (34) reported extensive rate variation among 15 rbcL sequences representing monocot, dicot, and gymnosperm taxa. They concluded that missense rate variation is more extensive than synonymous rate variation. This result differs with that reported by Gaut et al. (35) . The differences between these studies can probably be ascribed to the wide phylogenetic range of taxa surveyed. The relatively narrow monocot comparisons included few missense substitutions; the paucity of nonsynonymous substitutions may have made detection of missense rate heterogeneity difficult. On the other hand, the study of Bousquet et al. (34) may have underestimated synonymous rate variation because some of their sequence comparisons had probably been saturated for synonymous substitutions.
Clearly a simple stochastically constant molecular clock does not hold for the rbcL locus; however, there may be a generation-time effect (36) . While it is difficult to estimate generation times in most plant taxa, the monocot sequences show a clear negative correlation between the minimum generation time and substitution rates (35) . Given that rate variation in monocot sequences is largely synonymous (and therefore presumably close to neutral) and that rate variation is correlated with minimum generation time, rate variation at the rbcL locus of monocot taxa is consistent with neutral predictions. The conclusions of Bousquet et al. (34) are not as straightforward, but their results do indicate clear differences in substitution rates among annual and perennial taxa, a result not inconsistent with a generation-time effect. Bousquet et al. (34) also speculate that speciation rates influence substitution rates. Other factors hypothesized to contribute to rate variation among evolutionary lineages include polymerase fidelity (27) , selection (37) , and G+C content (38) .
What is the pattern of rate variation at other chloroplast loci? If rate variation is predominantly a function of an evolutionary factor that affects the whole genome (like, presumably, the generation-time effect), then one would expect to find similar patterns of rate variation in most chloroplast loci. Conversely, widely divergent patterns of rate variation among chloroplast loci would argue for locusspecific factors (like selection) as the motive force behind substitution rate variation. Ideally, one should sample chloroplast loci from the taxa used in the rbcL studies to directly compare patterns of rate variation among loci. Unfortunately, data for these kinds of studies are not yet available. As a first step in the analysis of rate variation among chloroplast loci, Gaut et al. (39) examined rate heterogeneity among a number of chloroplast loci from three taxa (maize, rice, and tobacco, using Marchantia as an outgroup). Comparison of sequence data from the maize and rice chloroplast genomes revealed little rate heterogeneity (using tobacco as an outgroup). However, comparisons of sequence data from rice and tobacco (using Marchantia as the outgroup) revealed much heterogeneity: significant deviation from a molecular clock was detected at 14 of 40 loci. All (37) .
Patterns of Amino Acid Replacement in the RuBisCo Protein
The question of site-dependent probabilities of amino acid replacement can be addressed in considerable detail by using the very large rbcL data base. This large data base may be used to ask whether models of nucleotide substitution provide an acceptable fit to the data, and it is even more important to ask whether the pattern of accepted amino acid change provides useful information on protein adaptation. The three-dimensional structure of the RuBisCo protein has been determined for a wide phylogenetic range of species (40) (41) (42) . The pattern of amino acid replacement can be mapped onto the physical structure to identify major constraints in molecular change. Such an analysis, when placed in a phylogenetic context, may also help to identify amino acid replacement of functional importance.
The large subunit of RuBisCo contains two domains: (i) a carboxyl-terminal C domain that includes (a) an a/(-barrel consisting of alternating a-helices and (3-strands, with the parallel (3-strands forming an interior barrel; (b) an interior extension with an a-helix followed by a pair of antiparallel (-strands; and (c) a terminal extension of two to four a-helices; and (ii) an amino-terminal N domain consisting of a five-stranded antiparallel (3-sheet and four or five a-helices that form a lid-like structure covering the barrel of an adjacent large subunit. Furthermore, the active site is well known. It consists of charged and polar residues at the carboxyl-terminal ends of the (strands in the a/(3-barrel of the C domain of one subunit and asparagine and glutamic acid residues from the lid of the adjacent N domain. One approach to examining patterns of amino acid replacements in a structural context is to map amino acid replacements on a fully resolved, unambiguous tree. Since the evolutionary relationships among all of the >750 taxa are not known to any degree of certainty, a subset of the taxa were chosen for this analysis. We used 105 taxa, including three prokaryotes, four algae (including Charophytes), five bryophytes and ferns, eight gymnosperms, and 85 angiosperms (for details, contact the authors). In general, conventional phylogenetic relationships that were supported by the analysis of the rbcL nucleotide sequence data (13, 43) were used to construct this tree. The amino acid sequences for the 105 taxa were translated from the nucleotide sequences and aligned (along with the >700 amino acid sequences in the large data set) by using the following method. A preliminary alignment obtained using CLUSTAL v (46) was refined by aligning similar, presumably homologous features of the solved three-dimensional crystal structures for the RuBisCo large subunit. Nine gaps were required to align the sequences. There were 494 sites in the aligned data set. The computer program MACCLADE version 3.04 was then used to locate amino acid replacement on branches of the tree and to count the total number of amino acid changes required through the phylogeny.
Of the 1350 amino acid replacements, 762 could be unambiguously inferred; 568 and 182 were in a-helices and (3-strands, respectively. Only 488 (36%) of the replacements were in the a/(-barrel structure, which constitutes 46% of the sites. For the complete sequence, the most common unambiguous replacements were Glu -* Asp, and Ala --Ser (40 and 35 changes, respectively). When the number and types of replacements were examined for the various structures, interesting patterns emerged. Fig. 2 shows the fractions of sites with replacements and the numbers of changes for the complete sequences, a-helices, (-strands, and other structures. The distributions are highly skewed, indicating that some sites may accept as many as 26 replacement events while other sites do not accept amino acid replacements.
[Character state distributions (amino acids at a given site) for the 105 taxon dendrogram does not allow unequivocal reconstruction of the particular residues at all nodes in the dendrogram. For these residues the number of unambiguous replacements underestimates the total number of replacements.]
For the complete sequence, 33% of all sites are unvaried, showing no changes. For a-helices, (-strands, and non-a/(3 structures, the percentages of unvaried sites are 25%, 35%, and 37%, respectively. The length of the tails of the distributions also differ among structural classes; there are as many as 26 unambiguous changes for the a and non-a/,8 structural classes, while the most changes allowed for sites in (3-strands is 19. The unambiguous amino acid replacements that were most common among all sites in the a-helical regions were Ala--Ser (31 changes), Glum-Asp (15), and Ser --Thr (15) . For the (3 regions among all sites, the most common replacements were Hle --Met (9) and Ile --Val (8).
The most common replacements for the non-a/13 regions were Glu --Asp (21) and Tyr -* Phe (14) . These are all fairly conservative replacements. More noteworthy is the fact that the predominant changes for the (3-strands involve replacements among nonpolar residues. Table 1 shows the sites that are most variable for a and non-a/( (>19 changes) and ( (>8 changes) structures. Many of the highly variable sites for all of the structural classes involve replacements among nonpolar residues. Also interesting is the replacement of Ala-103 by Cys. This change apparently occurs in six different lineages. In none of the lineages is the change reversed. What conclusions may we draw from these analyses of the patterns of amino acid variation? The analyses suggest that in angiosperms, amino acid replacements among hydrophobic (nonpolar) residues occur more frequently at some sites in the large subunit of RuBisCo. While the frequency of the highly variable sites and the degree of variability differ for (-strand sites as compared to other structural regions, these variable sites may be found throughout the large subunit sequence. This sort of variability may have an impact on the use of Proc. Natl. Acad Sci. USA 91 (1994) nucleotide sequence data for phylogeny reconstruction because methods of phylogenetic inference assume the probability of replacement is independent of site. The fact that third-nucleotide positions in a codon differ in substitution rate compared to first and second position sites is widely appreciated, but this is a simple and easily corrected source of variation. It is much more difficult to correct for complex 
Patterns of Intron Evolution
Data from the plastid genomes that have been completely sequenced reveal that introns are a general feature of these genomes. Each of the three classes of introns (groups I, II, and III) have a characteristic secondary structure that is related to the mechanisms by which the intervening sequence is excised from RNA precursors. The secondary structure requirements, along with other constraints, appear to limit the acceptance of mutational changes in intron sequences through evolutionary time. Group I introns, which were the first self-splicing introns identified (45) , are found in a single tRNA gene, trnL(UAA), from a number of plastid genomes. Group III introns have thus far only been identified in the euglenophytes Euglena gracilis and Astasia longa (46, 47) and appear to be truncated (or streamlined) group II introns. It is noteworthy that group I introns are absent from the newly sequenced plastid genomes of Euglena graciis (4) Comparative molecular sequence analyses also reveal aspects of the evolutionary process that would otherwise be opaque. For example, the recombinational processes that acted to convert 4irpl23 to the functional gene are only resolvable at the sequence level. Similarly, the identification of labile sites for indel mutation, and more importantly, the identification of local sequence features that may promote indel mutation, depend on a substantial comparative sequence base. When viewed broadly, comparative sequence analyses reveal the rich variety of mutational mechanisms that subsume the processes of molecular evolution.
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